INTRODUCTION {#SEC1}
============

Nucleic acids are attractive materials for nanotechnology as their structure and abilities for molecular recognition offer a range of applications, which include molecular switches, nanosensors, vehicles for drug delivery and gene silencing. RNA, a central participant in the regulation of gene expression, is gaining recognition as a nanomaterial due to its capacity to engage in non-canonical base pairing and adopt diverse, functional structures in response to environmental conditions ([@B1]).

In 2013, we determined the 1 Å X-ray crystal structure of a right-handed parallel-stranded duplex stabilized by adenine:adenine base pairing ([@B2]). The duplex was first identified by Rich and coworkers in 1961 from thermal denaturation and X-ray fibre diffraction data ([@B3]). The base-pairing motif involves the Hoogsteen faces of the adenine bases with the exocyclic amine group hydrogen bonding with the N7 ring atom and phosphate of the opposing strand (Figure [1A](#F1){ref-type="fig"}). This motif has 180° rotational symmetry which leads to a parallel-stranded duplex ([@B4]).

![(**A**) Adenine base pairing with protonation at N1 and (**B**) 2′-modifications evaluated in this study.](gkx713fig1){#F1}

The adenine:adenine base pairing is stabilized by either low pH or ammonium (NH~4~^+^) ions. Rich and coworkers proposed that, under acidic conditions, protonation of the N1 atom of adenine occurs. The positive charge is positioned to interact electrostatically with the negatively charged phosphate of the opposing strand and stabilizes duplex formation. Our 1 Å X-ray crystal structure of the parallel duplex was determined with crystals grown in the presence of NH~4~^+^ cations at pH 7.2. Based on measurement of bond angles of the adenine bases, we showed that the adenine rings were not protonated in the crystal. Instead, bound NH~4~^+^ ions were positioned to interact with the unprotonated N1 atom of adenine and a non-bridging oxygen atom of a phosphate group of the nucleotide engaged in the adenine:adenine base pairing on the opposing strand. Recently, Maquat and co-workers solved the X-ray crystal structure of a duplex of rA~7~ formed at pH 3.5 in the presence of NH~4~^+^ cations ([@B5]). This structure is composed of alternating protonated and unprotonated adenine bases where an NH~4~^+^ ion is bound to every other adenine:adenine base pair.

Nucleic acids can adopt numerous other parallel-stranded structures ([@B6]--[@B9]). An early work by Jovin *et al.* reported a parallel-stranded duplex stabilized by 'reverse Watson--Crick' A:T base pairing; however, it shows reduced thermal stability relative to its antiparallel-stranded counterpart ([@B7]). Another well-studied parallel-stranded DNA structure is the i-motif which consists of intercalated parallel-stranded duplexes and forms under acidic conditions ([@B10]). Recently, a parallel-stranded duplex was engineered consisting of non-natural isoguanine and 5-methylcytosine nucleobases, further adding to the growing repertoire of parallel-stranded duplexes ([@B11]). The majority of parallel-stranded structures described have been formed with DNA.

Modification of the scaffold of nucleic acids, achieved through solid-phase chemical synthesis, can enhance their properties ([@B12],[@B13]). This has led to the design of analogs that demonstrate improved stability and resistance to enzymatic degradation as antisense and RNAi-based therapeutics. The influence of chemical modification to the nucleic acid backbone has been investigated for various structures including the i-motif where substitution with cytidine (RNA) was found to decrease the thermal stability of this structure ([@B14]). Recently, Damha reported that the i-motif structure can form at a pH of 7 when the DNA sugars are replaced by 2′-deoxy-2′-fluoro-arabinose ([@B15]).

Here, we acquired the first nuclear magnetic resonance (NMR) spectra of a parallel poly(A) duplex and characterized its solution structure at pH 4. We investigated the influence of modifications at the C2' position of the sugar moiety of the nucleotide on formation of the poly(A) duplex. Poly(A) oligonucleotides were prepared where adenosine was replaced by 2′-deoxyadenosine (dA), 2′-deoxy-2′-fluoro-riboadenosine (rFA), 2′-O-methyl-riboadenosine (mA), arabinoadenosine (aA) and 2′-deoxy-2′-fluoro-arabinoadenosine (aFA). The influence of these modifications on the thermal stability of the poly(A) duplex was examined by ultraviolet (UV) thermal denaturation experiments and the structure of a single dA residue in a parallel duplex was evaluated by NMR spectroscopy and X-ray crystallography. Understanding the effects of sugar modifications on the poly(A) duplex is important for the design of nucleic acid structures with novel functionalities for nanoscience.

MATERIALS AND METHODS {#SEC2}
=====================

Oligonucleotide synthesis, purification and characterization {#SEC2-1}
------------------------------------------------------------

All phosphoramidites and ancillary reagents were obtained from Glen Research (Sterling, Virginia). All oligonucleotides were synthesized on 1 μmol scale with an Applied Biosystems Model 3400 synthesizer using standard β-cyanoethylphosphoramidite chemistry with long chain alkylamine controlled pore glass (LCAA-CPG) used as the solid support. The synthesis protocol was supplied by the manufacturer with only minor modifications made to the coupling times. Cleavage of the oligonucleotides from the CPG and removal of the protecting groups was achieved with 1 ml NH~4~OH (aqueous, 28%): ethanol (3:1) for a minimum of 4 h at 55°C ([@B16]). For oligonucleotides containing rA an additional deprotection step was performed consisting of incubation at 65°C with 200 μl of TEA·3HF for a minimum of 2 h to remove the 2′-O-TBDMS group. The crude oligonucleotides were precipitated from 400 μl of anhydrous methanol and washed twice with 400 μl of anhydrous methanol to remove all residual TEA·3HF. Oligonucleotides were purified by preparatory denaturing polyacrylamide gel electrophoresis (PAGE) or ion-exchange (IEX) high performance liquid chromatography (HPLC). The preparatory denaturing PAGE consisted of a 20% acrylamide solution (19:1 acrylamide:bisacrylamide) in 1 × Tris/Borate/EDTA (TBE) running buffer on standard 20 × 20 cm glass plates at 450 V until sufficient separation was achieved. The desired band was excised and the pure oligonucleotide was extracted with 8--10 ml of 0.1 M NaOAc (sodium acetate) solution on a mixer overnight. Purification by IEX-HPLC was performed using a Dionex DNAPAC PA-100 column (0.4 × 25 cm) with a linear gradient of 0--50% buffer B over 30 min (buffer A: 100 mM Tris--HCl, pH 7.5, 10% acetonitrile (ACN) and buffer B: 100 mM Tris--HCl, pH 7.5, 10% ACN, 1 M NaCl). The collected fraction was diluted by ¼ with 0.1 M NaOAc and desalted with a C-18 SEP PAK cartridge. The cartridge was prepared by washing with 10 ml of HPLC grade ACN, followed by 50% ACN and finally equilibrated with 0.1 M NaOAc. The oligonucleotide was adsorbed to the C-18 column then the salt was removed with 2 × 10 ml of water. The sample was eluted with methanol:water:ACN (2:1:1) eluent. Purity was assessed to be \>90% for all oligonucleotides synthesized by analytical denaturing PAGE or IEX HPLC. All oligonucleotides were quantitated using a Varian Cary Model 3E spectrophotometer. Single strand concentrations were calculated using the Beer--Lambert law and the absorbance was measured at 260 nm. Molar extinction coefficients were calculated by the nearest neighbor approximation ([@B17]). The extinction coefficient for 2′ modified nucleotides was assumed to be identical to the unmodified sequence. The purity and identity of oligonucleotides was assessed by mass spectrometry at the Concordia University Centre for Biological Applications of Mass Spectrometry ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). 0.1 OD of oligonucleotide was dried down for ESI-qTOF MS analysis on a Micromass qTOF Ultima API. The mass spectrometer was run in full scan, negative ion detection mode.

UV thermal denaturation studies {#SEC2-2}
-------------------------------

Oligonucleotides were suspended in 1 ml of buffer, heated at 95°C for 10 min, slowly cooled to room temperature and incubated at 4°C overnight. The samples were then degassed on the speed-vacuum concentrator for 2 min. UV thermal denaturation data were acquired with a Varian CARY Model 3E Spectrophotometer Varian fitted with a 12-sample thermostated cell block and a temperature controller, with absorbance measured at 260 nm and a heating rate of 0.5°C/min. The melting temperature (*T*~m~) was calculated as the maximum of the first derivative according to the method of Puglisi and Tinoco ([@B17]). All data analysis were performed with Microsoft Excel^™^.

Native polyacrylamide gel electrophoresis {#SEC2-3}
-----------------------------------------

The oligonucleotide of 0.1 OD was suspended in 10 μl of phosphate-citrate (40 mM Na~2~HPO~4~, 30 mM citric acid and pH 4 or pH 7) sucrose loading buffer. The samples were heated at 95°C for 10 min, slowly cooled to room temperature and incubated at 4°C for 1 h. Gels were prepared with 50% acrylamide/bisacrylamide (40% acrylamide, 19:1):50% running buffer (40 mM Na~2~HPO~4~, 30 mM citric acid and pH 4 or pH 7). Gels were polymerized between two 7 × 10 cm glass plates and were prerun for 20 min at 80 V in a temperature-controlled apparatus at 10°C.

NMR spectroscopy experiments {#SEC2-4}
----------------------------

One millimolar solution of duplex was prepared with an oligonucleotide composed of the sequence 5′-dT-mA~4~-dA-mA~3~ (where dT is thymidine, dA is 2′-deoxyadenosine and mA is 2′-O-methyladenosine) by dissolving the sample in 400 μl of 100% D~2~O or 90% H~2~O/10% D~2~O buffer containing 50 mM Na-acetate-d~3~. The pH was adjusted to 4 by the addition of 0.1 M HCl. Proton NMR spectra were recorded on Bruker and Varian 800, 600 and 500 MHz spectrometers equipped with cryoprobes. NOESY experiments were performed in D~2~O at 10°C using mixing times of 70 and 250 ms. DQF-COSY spectra were collected without phosphorus decoupling. Proton TOCSY MLEV-16 experiments were performed with a mixing time of 75 ms. NOESY experiments for imino-protons in 9:1 H~2~O/D~2~O were performed at 10°C with mixing times of 70 and 200 ms. Phosphorus spectra and H,P-correlation HSQC spectra (with J~PH~ = 30 Hz) were recorded on a Varian VNMRS (^31^P NMR 202 MHz and ^1^H NMR 500 MHz) at 25°C. All spectra were processed by NMRPipe ([@B18]). NOESY cross-peak volumes were calculated using NMRView ([@B19]). Phosphorus resonances were indirectly referenced to 85% H~3~PO~4~ ([@B20]).

Structural modeling and molecular dynamics {#SEC2-5}
------------------------------------------

Distance restraints were derived from the NOESY spectra at different mixing times by integrating the cross-peak volumes, scaled using the d^−6^ distance relationship and average cross-peak volume values for calibration by the methyl-H6 distance in thymidine (d = 2.70 Å). The distance constraints were input in the software with 10% lower and 15% upper bounds. The five torsion angles for the sugars were constrained to the N-type range (C3'-*endo*). The β-torsion angles were constrained using the information from the H5'/H5'-P and H4'-P cross-peaks in the H,P-HSQC spectra. The β angles were found to reside in the trans conformation (180 ± 30°) as determined by the relatively low intensity of the H5'/H5'-P cross-peaks as well as moderate ^4^J(H4'-P) W-pathway couplings. The γ angles were constrained (60 ± 20°) using the Nuclear Overhauser Spectroscopy (NOESY) H4'-H1' cross-peak linewidths (∼17 Hz) and the ^4^J(H4'-P) W-pathway couplings ([@B21]). Phosphorus chemical shifts were found to span a very narrow region and the ε angles have been constrained from the strong intensity H3'-P cross-peaks (220 ± 40°). Finally, the glycosidic angles (χ) were not constrained in structure calculations but were fixed indirectly by intra-nucleotide aromatic-sugar distances.

The starting coordinates of the 2′-deoxyadenosine and 2′-O-methyladenosine portion of the duplex formed by dT-mA~4~-dA-mA~3~ were generated from the structure (PDB ID: 4JRD) of a poly(A) duplex ([@B2]). CNS 1.2 software with a nucleic acid all-hydrogen force field was used for molecular modeling ([@B22]). The calculation was based on 150 NOE-distances, 124 torsion angles and 30 hydrogen bond restraints. Gentle refinement was accomplished by molecular dynamics simulation (15 ps at 2000 K, then slow-cool annealing to 0 K) including a Cartesian cooling stage. The ten best structures were collected and global helical parameters were calculated using the 3DNA 2.1 program ([@B23],[@B24]).

Crystallization, structure determination and refinement {#SEC2-6}
-------------------------------------------------------

Crystals were obtained by the hanging drop method by equilibrating 0.5 μl of a 1:1 complex of 5′-rA~5~-dA-rA~5~ and the RRM23 fragment (residues 98--269) of poly(A) binding protein in buffer (10 mM HEPES, 100 mM NaCl, 2 mM dithiothreitol (DTT) and pH 7.0) with 0.5 μl of 1.6 M (NH~4~)~2~SO~4~, 0.1 M citric acid and pH 5 at 22°C. Data were collected from crystals in cryoprotectant solution on a MarMosaic CCD 300 detector at beamline 08ID-1 at the Canadian Light Source (Saskatoon, Canada). The structure was solved by molecular replacement using the (rA)~11~ duplex (PDB ID: 4JRD).

RESULTS {#SEC3}
=======

Deoxyribose destabilizes the poly(A) duplex {#SEC3-1}
-------------------------------------------

The influence of deoxyribose residues on the stability of the poly(A) RNA duplex was evaluated in two series of oligomers containing 9 and 16 residues. The 9-mer series, dT-rA~8~, was composed of eight adenosines (rA) with a single thymidine (dT) at the 5′ end to introduce asymmetry in the sequence for NMR studies: a strategy used in studies of other homo-oligomers ([@B10],[@B25]). UV thermal denaturation experiments revealed that dA substitutions destabilized dT-rA~8~ duplex formed at pH 4 with a decrease in *T*~m~ of ∼8°C for each dA residue added (Table [1](#tbl1){ref-type="table"} and Figure [2A](#F2){ref-type="fig"}). For the 16-mer series, the dA substitutions had a smaller destabilizing influence with a decrease in the *T*~m~ of ∼3°C per dA residue (Table [1](#tbl1){ref-type="table"} and Figure [2B](#F2){ref-type="fig"}). The smaller destabilizing effect likely reflects the high degree of cooperativity in duplex formation where the *T*~m~ is principally determined by the length of the longest run of consecutive rA residues. For both 9-mer and 16-mer sequences, the fully substituted deoxyribose oligomers displayed a linear increase in absorbance previously ascribed to unstacking of adenine bases in the single strand ([@B26]). The absence of a sigmoidal transition strongly suggests the absence of duplex formation by the poly dA oligomers.

![Deoxyribose residues destabilize the poly(A) duplex. UV thermal denaturation profiles of rA-dA chimera of (**A**) 9-mers and (**B**) 16-mers at pH 4 and (**C**) 16-mers in ammonium chloride solution. Buffer was 50 mM NaOAc at pH 4 and 40 mM Na~2~HPO~4~, 30 mM citric acid at pH 7. Strand concentrations were 4.2 μM for the 9-mers and 2.3 μM for the 16-mers.](gkx713fig2){#F2}

###### Thermal melting temperatures of adenine oligonucleotides

                                                            Sequence (5′--3′)               pH 4^a^   pH 7, 4.4 M NH~4~Cl^b^        
  --------------------------------------------------------- ------------------------------- --------- ------------------------ ---- -----
  Deoxyribo-nucleotides (dA)                                **dT-r(AAAAAAAA)**              53        \-                            
                                                            dT-r(AAAA)-dA-r(AAA)            45        -8                            
                                                            dT-r(AAA)-d(AA)-r(AAA)          37        -16                           
                                                            dT-r(AAA)-d(AAA)-r(AA)          \<24      \<--29                        
                                                            d(TAAAAAAAA)                    NT^d^                                   
                                                            **r(AAAAAAAAAAAAAAAA)**         82        \-                       51   \-
                                                            r(AAAAAAAAAA)-dA-r(AAAAA)       80        -2                       42   -9
                                                            r(AAAAAAAAA)-d(AA)-r(AAAAA)     75        -7                       36   -15
                                                            r(AAAAAAAAAA)-dA-r(AAA)-dA-rA   77        -5                       39   -12
                                                            r(AAAAAAAAA)-d(AAA)-r(AAAA)     71        -11                      28   -23
                                                            d(AAAAAAAAAAAAAAAA)             NT                                 NT   
  Fluororibo-nucleotides (rFA)                              **r(AAAAAAAAAAA)**              66        \-                            
                                                            r(AAAAA)-rFA-r(AAAAA)           64        -2                            
                                                            r(AAAAA)-rF(AA)-r(AAAA)         61        -5                            
                                                            r(AAAA)-rF(AAA)-r(AAAA)         58        -8                            
                                                            rF(AAAAAAAAAAA)                 51        -15                           
                                                            dT-r(AAAA)-rFA-r(AAA)           52        -1                            
                                                            r(AAAAAAAAAA)-rFA-r(AAAAA)                                         52   +1
                                                            rF(AAAAAAAAAAAAAAAA)                                               64   +13
  Arabinonucleotides (aA)/fluoroarabino-nucleotides (aFA)   dT-r(AAAA)-aA-r(AAA)            \<25      \<-28                         
                                                            dT-r(AAAA)-aFA-r(AAA)           \<25      \<-28                         
                                                            dT-a(AAAAAAAA)                  NT                                      
                                                            dT-aF(AAAAAAAA)                 NT                                      
  Methylribo-nucleotides (mA)                               dT-r(AAAA)-mA-r(AAA)            57        +4                            
                                                            dT-m(AAAAAAAA)                  63        +10                           
                                                            dT-m(AAAA)-dA-m(AAA)            55        +2                            
                                                            m(AAAAAAAAAAAAAAAA)                                                52   +1

^a^Buffer: 50 mM NaOAc, pH 4.

^b^Buffer: 4.4 M NH~4~Cl, 40 mM Na~2~HPO~4~, 30 mM citric acid, pH 7.

^c^Difference in *T*~m~ compared to RNA sequence (in bold) in same buffer.

^d^NT: no transition detected.

To examine the origin of destabilization from dA inserts, van't Hoff analysis was performed to estimate the enthalpic, entropic and Gibbs' free energy components of duplex formation. The melting temperature concentration dependence of the RNA 9mer, dT-rA~8~, as well as those with one and two dA inserts was exploited to determine the van't Hoff thermodynamic parameters (Table [2](#tbl2){ref-type="table"}). The data for the oligonucleotide containing three dA inserts were not included as the lack of lower plateau did not allow for an accurate determination of the melting temperature. The thermodynamic source of the destabilization appears to be entropic as there is a loss of entropy change as the dA content is increased. A potential explanation is loss of conformational preorganization of the single strands ([@B27]).

###### Thermodynamic parameters of duplex formation of oligoadenylates with dA residues

  Sequence (5′--3′)      ΔH° (kJ mol^−1^)   ΔΔH°   ΔS°(J K^−1^ mol^−1^)   ΔΔS°   ΔG°(kJ mol^−1^) at 25°C   *T~m~* (°C) at 4 μM
  ---------------------- ------------------ ------ ---------------------- ------ ------------------------- ---------------------
  dT-rA~8~               −249±32                   −665±87                       −50.9                     53
  dT-rA~4~-dA-rA~3~      −293±44            44     −816±124               151    −49.3                     45
  dT-rA~3~-dA~2~-rA~3~   −313±10            64     −904±30                239    −43.0                     37

The influence of dA substitutions on poly(A) duplex formation was also evaluated at neutral pH in the presence of a high concentration of NH~4~^+^ (Table [1](#tbl1){ref-type="table"} and Figure [2C](#F2){ref-type="fig"}). Due to the decreased stability of the duplex in NH~4~^+^ relative to low pH, the denaturation experiments were conducted with longer, 16-mer oligomers. Analysis of sequences with one, two or three substitutions showed that each deoxyribose led to a decrease of ∼8°C in stability at pH 7 in the presence of 4.4 M NH~4~Cl. Again, no thermal transition was observed for the all DNA oligomer. To confirm the absence of duplex formation by DNA oligomers, we employed three complementary techniques: gel electrophoresis, circular dichroism and NMR spectroscopy.

Poly(A) DNA does not form a duplex at low pH {#SEC3-2}
--------------------------------------------

NMR spectroscopy confirmed duplex formation by poly(A) RNA at pH 4 (Figure [3A](#F3){ref-type="fig"}). To our knowledge, this is the first characterization of a parallel poly(A) duplex by NMR. We examined the oligomer dT-rA~8~: the thymidylate is easily identified in the NMR spectrum and appears to promote alignment of the two strands. At pH 4, the NMR spectrum revealed well-resolved amino signals around 9 ppm, which are indicative of nucleic acid base pairing. NOESY and COSY spectra confirmed the NMR signal assignments and parallel duplex structure ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). The number of resonances in the RNA spectrum indicates that the two strands in the poly(A) RNA duplex are identical. In contrast, the NMR spectrum of the DNA oligomer dT-dA~8~ showed no evidence of base pairing or duplex formation. The NOESY spectrum showed none of the characteristic cross-peaks observed with the RNA sample (see below).

![Absence of poly(A) duplex formation by DNA but not RNA oligomers. (**A**) Nuclear magnetic resonance (NMR) spectra of poly(A) RNA show amino signals indicative of adenine base pairing. Spectra were recorded at 600 MHz with jump-return excitation at pH 4, 2°C. (**B**) Circular dichroism spectra of poly(A) oligomers in 50 mM NaOAc, pH 4, at 20°C. (**C**) Native polyacrylamide gel electrophoresis at pH 4 and 7 shows pH-dependent migration shift of poly(A) RNA but not poly(A) DNA. The gels were 20% acrylamide:bisacrylamide (19:1) in 39 mM Na~2~HPO~4~, 31 mM citric acid, 1.1 mM ethylenediaminetetraacetic acid, run at 80 V for 3 h and visualized by UV shadowing.](gkx713fig3){#F3}

Large differences in the conformations of poly(A) RNA and DNA oligomers were also detected by circular dichroism and gel electrophoresis. The circular dichroism spectrum of dT-rA~8~ at pH 4 showed a large peak at 260 nm and a small dip at 245 nm, as previously reported for poly(A) RNA ([@B28]). In contrast, the DNA oligomer dT-dA~8~ showed much weaker overall ellipicity and different peak wavelengths (Figure [3B](#F3){ref-type="fig"}). Polyacrylamide gel electrophoresis showed a pH-dependent migration of the RNA oligomers rA~11~ and rA~16~, indicative of the formation of a duplex at low pH (Figure [3C](#F3){ref-type="fig"}). At pH 4, the RNA oligomers migrated more slowly than control DNA oligomers rU~11~ and rU~16~ while the DNA oligomers, dA~11~ and dA~16~, migrated identically with control dT~11~ and dT~16~ oligomers. At pH 7, both the rA and dA sequences migrated slightly faster than the control pyrimidine sequences, which may be due to partial structuring of the poly(A) single strands ([@B26]).

Influence of 2′-F-ribose, 2′-O-methyl-ribose and arabinose on the stability of the poly(A) duplex {#SEC3-3}
-------------------------------------------------------------------------------------------------

Poly(A) oligomers containing different modifications at the C2' position were prepared to evaluate the influence of sugar modifications on duplex stability. UV thermal denaturation experiments of 11-mer oligomers with 2′-F-ribose substitutions showed a reduction in *T*~m~ of ∼2.5°C for each rFA residue at pH 4 (Table [1](#tbl1){ref-type="table"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The destabilization appeared to be pH dependent as the longer oligomers rA~16~ and rFA~16~ showed the essentially the same *T*~m~ at pH 3.5 ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). At pH 5, rFA~16~ showed no sigmoidal transition whereas rA~16~ had a *T*~m~ of 39°C. Paradoxically, at neutral pH and 4.4 M NH~4~Cl, rFA residues stabilized the duplex. A single rFA substitution in the 16-mer duplex provided a moderate increase in *T*~m~ of 1°C and the fully substituted oligomer rFA~16~ was significantly stabilized by 13°C ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). It has been reported that the origin of the enhanced stability of antiparallel stranded duplexes formed by strands containing 2′-F-ribose compared to ribose is enthalpy driven due to strengthened hydrogen bonding and stacking interactions in the duplex ([@B29]).

UV melting curves showed that that 2′-O-methyl-ribose substitutions also stabilized the poly(A) duplex. A single mA substituted into the dT-rA~8~ duplex increased the *T~m~* by 4°C. The fully substituted duplex, dT-mA~8~, was 10°C more stable than the corresponding RNA duplex (Table [1](#tbl1){ref-type="table"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). This agrees with the early observation by Cerutti and coworkers that methylation of the 2′-hydroxy group of poly(A) led to an increase in the thermal stability of poly(A) duplexes ([@B28]). Surprisingly, we observed that the stabilization of duplex was limited to acidic conditions. Comparison of the melting temperatures of 16-mers at neutral pH and 4.4 M NH~4~^+^ ions showed only a small 1°C increase in duplex stability (Table [1](#tbl1){ref-type="table"} and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). We also tested the effect of a deoxyribose sugar in the context of the methylated duplex. Again DNA nucleotides were destabilizing. Insertion of single deoxyribose decreased the *T~m~* of the 2′-O-methylated duplex by ∼8°C. The largest effects on duplex stability were observed with substitutions of ribose by its 2′-epimer, arabinose or 2′-deoxy-2′-fluoro-arabinose. Both very strongly destabilized the duplex. UV thermal denaturation on the 9-mer dT-rA~8~ series with single arabinose (aA) or 2′-fluoro-arabinsoe (aFA) measured a reduction in *T*~m~ of roughly 30°C at pH 4. No sigmoidal transitions were observed with the fully substituted aA or aFA oligonucleotides (Table [1](#tbl1){ref-type="table"} and [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). To our knowledge, this is the first example of destabilization of a duplex by 2′-deoxy-2′-fluoro-arabinose.

X-ray crystal structure of the rA~5~-dA-rA~5~ duplex {#SEC3-4}
----------------------------------------------------

We turned to X-ray crystallography and NMR spectroscopy to understand the sensitivity of duplex stability to modifications of the C2' position. Crystals of the duplex formed by rA~5~-dA-rA~5~ were grown and the structure was solved by X-ray diffraction ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). The crystallization conditions were based on prior studies of the parallel duplex formed by rA~11~ and used a fragment of poly(A) binding protein to promote crystallization ([@B2]). The protein acts to buffer the concentration of the oligonucleotide and does not incorporate into the crystals.

The structure of the duplex with a single deoxyribose sugar was very similar to that of the all RNA sequence ([@B2]). The asymmetric unit was composed of two strands forming ten adenine:adenine base pairs (Figure [4A](#F4){ref-type="fig"}). The 11th adenylate residue of each strand was base paired with an overhanging nucleotide on an adjacent strand. Due to the staggered strand alignment, the DNA nucleotides were offset so that two rA:dA base pairs were present. The adenine:adenine base pairs were stabilized by NH~4~^+^ cations that interact with the adenine N1 atoms and phosphate groups of the opposite strand (Figure [4B](#F4){ref-type="fig"}). The NH~4~^+^ bridge distances and angles with rA:dA base pairs were not affected by the deoxyribose sugar. Although the rA~5~-dA-rA~5~ crystals were grown at more acidic pH than the rA~11~ crystals ([@B2]), measurements of the C2-N1-C6 internal adenine ring angles suggest that the N1 atoms were unprotonated in the crystals. The deoxyribose sugar adopted an RNA-like 3′-*endo* sugar pucker as observed for the rA residues (Figure [4C](#F4){ref-type="fig"}).

![Crystal structure of the parallel duplex formed by rA~5~-dA-rA~5~. (**A**) Ball-and-stick representation of the duplex. (**B**) Hoogsteen hydrogen bonding of an adenine:adenine base pair and surrounding NH~4~^+^ ions. (**C**) Stereo view of dA-rA nucleotides in the F~O~F~C~ omit map shows the C3'-*endo* sugar pucker of both sugars and bound NH~4~^+^ ions. The map was scaled at 5-fold above the noise; no negative density is visible. (**D**) Putative hydrogen between H2' and O4' that stabilizes the duplex. The O2′ contributes to the electrostatic polarization of the H2' and increases the strength of the hydrogen bond.](gkx713fig4){#F4}

The poly(A) duplex crystals are very densely packed with a solvent content of just 12.8%. This has the advantage of yielding very high resolution diffraction but also restricts the range of conformations within the crystal. It also raises the possibility that some features observed in the crystal structures arise from crystal packing or the selective crystallization of a subpopulation of poly(A) duplexes. To examine the structure of the poly(A) duplexes in solution without crystal contacts, we turned to NMR spectroscopy.

NMR structure of a poly(A) duplex {#SEC3-5}
---------------------------------

We examined the duplexes formed by dT-rA~8~ and related 9-mers with a single deoxyribose sugar. The NMR studies focused on the 2′-O-methylated oligomer, dT-mA~4~-dA-mA~3~, which offered the dual advantages of greater stability and the fortuitous resolution of the deoxyribose H2' and H2'' signals. The two signals overlapped in the spectrum of dT-rA~4~-dA-rA~3~, which would have prevented determination of the sugar pucker of the dA residue.

One dimensional ^1^H NMR spectra of dT-mA~4~-dA-mA~3~ acquired at pH 6 and 4 showed a downfield shift of the adenine NH~2~ signals at pH 4, consistent with the formation of a parallel duplex (Figure [5A](#F5){ref-type="fig"}). The non-exchangeable proton resonances were assigned using intra-residue and sequential H1'(i)-H6/H8(i)-H1'(i-1) cross-peaks in the NOESY spectrum (Figure [5B](#F5){ref-type="fig"} and [Supplementary Table S4](#sup1){ref-type="supplementary-material"}). The amino (NH~2~) protons were assigned using interstrand cross-peaks with H8 (i) and H3'(i-1) protons in the NOESY spectra in H~2~O. These NOEs confirmed parallel duplex formation with hydrogen bonding between NH~2~ protons and N7 (Figure [1](#F1){ref-type="fig"}). In addition, strong sequential H2 (i)-H1' (i+1) NOEs were detected. The thymine methyl showed a strong NOE to an adjacent adenine H2 and the thymine imino signal was shifted and narrowed due to stacking on the first adenine:adenine base pair. The DQF-COSY (Figure [5C](#F5){ref-type="fig"}), TOCSY and H,P-HSQC spectra ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}) were also used to assign sugar protons as well as phosphorus signals ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}).

![NMR solution structure of the dT-mA~4~-dA-mA~3~ parallel duplex. (**A**) NMR spectra of the single strand and duplex conformations at pH 6 and 4, respectively. Spectra were recorded at 10°C at 800 MHz. (**B**) NOESY spectrum (200 ms mixing time) confirms the parallel strand orientation. *Upper panel*, Sequential NOEs assignments, H1'(i)-H8(i)-H1'(i-1) (lines with peaks labeled by nucleotide name and number) and H2(i)-H1'(i+1) (labeled by nucleotide number), are shown. *Lower panel*, interstrand NH~2~-H8 NOEs (boxed) confirm the parallel duplex structure. NOEs between the amino protons of adenine NH~2~ group are labeled by nucleotide name and number. (**C**) COSY spectra confirm the 3′-*endo* confirmation of the ribose and deoxyribose sugars. The spectrum was recorded at 800 MHz in 100% D~2~O buffer, pH 4, 10°C. (**D**) Superposition of ten converged structures of the mA~4~-dA-mA~3~ duplex. The 5′-terminal thymidylate is not shown; the deoxyadenylate residue is shown in blue. (**E**) Comparison of backbone parameters for poly(A) duplex in the dT-mA~4~-dA-mA~3~ solution structure (filled circles) and the rA~11~ crystal structure (open circles, PDB ID: 4JRD).](gkx713fig5){#F5}

In agreement with the results from crystallography, the NMR analysis showed that the dA residue adopts a C3'-*endo* (North type) sugar pucker conformation, similar to the RNA residues. This was determined from the presence of strong H2''-H3' and H3'-H4' cross-peaks and very weak H1'-H2' cross-peaks in DQF-COSY spectra (Figure [5C](#F5){ref-type="fig"}). These indicate that the most populated conformation is North type. Sugar puckering was also determined from the sum of vicinal J~1'2'~ and J~1'2''~ couplings which equals 10.4 Hz for the dA6 nucleotides, corresponding to 10% S-type (C2'-*endo*) conformation: %S = (J~1'2'~ + J~1'2''~ -- 9.8) /5.9 ([@B30]). Strong intranucleotide H8-H3' and weak intra-nucleotide H8-H2' NOEs were detected for all nucleotides in the duplex that is typical of a North-type sugar pucker.

In order to determine a duplex structure that is consistent with the experimental data, NMR-restrained molecular dynamic calculations were performed. The resulting NMR structure is the superposition of the ten best individual structures with an ensemble atomic RMSD of 0.29 Å (Figure [5D](#F5){ref-type="fig"} and [Supplementary Table S5](#sup1){ref-type="supplementary-material"}). Comparison of the average minimized structure of the mA~4~-dA-mA~3~ duplex with the 1 Å X-ray structure of the poly(A) duplex (PDB ID: 4JRD) resulted in an atomic RMSD of 0.53 Å for all the heavy atoms present. The helical rise of the mA~4~-dA-mA~3~ duplex is 3.7--3.9 Å, with a twist of 37--42°, a sugar pseudorotation phase angle of 2--16° corresponding to a C3'-*endo* pucker with glycosidic angles of 190--198° in the range of an anti-conformation (Figure [5E](#F5){ref-type="fig"}). All helical parameters are very similar to those reported for the 1 Å X-ray poly (rA) structure ([@B2]).

DISCUSSION {#SEC4}
==========

The conformational diversity of nucleic acid structures such as the i-motif, G-quartets, or triple helices makes them interesting materials for the design of molecular switches ([@B31],[@B32]). In the case of poly(A) sequences, the regulation by pH and NH~4~^+^ ions of the parallel-stranded conformation opens up potential applications as pH sensors or ion-activated nanoswitches. The poly(A) duplex is also of interest due to its high stability relative to other parallel-stranded duplexes ([@B7],[@B8]). The parallel poly(A) duplex has roughly double the melting temperature of Watson--Crick base-paired duplexes of the same length. This stability is due the electrostatic balance ('inner salt') of the negatively charged phosphates and the positive charges of the bases or bound cations ([@B3]).

For nanotechnology, chemical modification of the nucleotide sugar offers advantages in terms of ease of chemical synthesis, improved chemical stability and resistance to enzymatic degradation by nucleases. The C2' in the poly(A) duplex is an attractive position for modification as it is solvent-exposed on the exterior of the helix and not in a position to interact with other moieties. Surprisingly, we observed that the sugar composition strongly influences the stability of the poly(A) duplex. The incorporation of even a single deoxyribose or arabinose nucleoside strongly decreased the stability of duplexes in UV melting assays. Although duplex formation has been reported for poly(A) DNA oligomers ([@B25]), we were not able to observe duplexes in gel electrophoresis or spectroscopic assays. Our circular dichroism spectrum for dT-rA~8~ matches the spectrum reported for dA~15~ ([@B25]) but we were not able to obtain the same spectrum with DNA (Figure [3B](#F3){ref-type="fig"}). NMR spectra at pH 4 of both dT-dA~8~ and dT-dA~6~ showed no shifts of amino resonances characteristic of base pairing and none of the NOEs expected for a parallel duplex (data not shown).

Analysis of the crystal and solution structures of poly(A) duplexes with deoxyribose sugars shows that the DNA nucleotides do not induce a significant distortion in the duplex. This suggests that the duplex sensitivity to C2' modifications arises from multiple, concurrent effects. Below, we discuss possible contributions to duplex stability from sugar pucker propensity, pKa shifts, hydrogen bonding and hydration.

Sugar pucker {#SEC4-1}
------------

The poly(A) duplex structures show that the sugars uniformly adopt a C3'-*endo* conformation (Figure [5E](#F5){ref-type="fig"}). The 2′-hydroxyl group in RNA favors a C3'-*endo* sugar pucker, so that the RNA oligomers are conformationally preorganized to form the poly(A) duplex. In the case of DNA, the sugar is more flexible and prefers the C2'-*endo* conformation ([@B33]). This entropic penalty may contribute to the destabilization by deoxyribose and also arabinose and 2′-deoxy-2′-fluoroarabinose, which prefer an O4'-*endo* sugar pucker ([@B20],[@B34]). Studies of oligonucleotides containing 2′-deoxy-2′-fluororibose and 2′-O-methylribose have demonstrated that these modifications favor a C3'-*endo* pucker ([@B35]--[@B37]), which is consistent with the small change in stability we observed.

Shifts in the pKa of the adenine bases {#SEC4-2}
--------------------------------------

We observed a shift in the pH optimum for the *T*~m~ for the rFA~16~ duplex, which suggests the 2′-fluoro modification decreases the pKa of the adenine bases. Measurements of adenine nucleotides have shown that 2′-fluoro (and 2′-O-methyl) substituents slightly decrease the basicity of the N1 atom relative to the ribonucleotide ([@B38]) but it is debatable if the size of the effect (∼0.1 pH units) is sufficient to explain the loss of stability observed. Cerutti and colleagues observed the increased thermal stability of the 2′-O-methylate duplex and attributed this to either a requirement for fewer protonated adenines or increased basicity of the adenine N1 atom of the 2′-O-methyladenosine residues ([@B28]). Interestingly, the 2′-fluoro and 2′-O-methyl modifications have contrasting effects on duplex stability when low pH and high NH~4~^+^ ion concentrations were compared. The 2′-fluoro modification was relatively destabilizing at low pH but clearly stabilized duplexes in 4.4 M NH~4~Cl at pH 7. The 2′-O-methyl modification had a contrasting effect---relatively neutral in 4.4 M NH~4~Cl but strongly stabilizing at low pH.

C2'-H···O4' hydrogen bonding {#SEC4-3}
----------------------------

An additional destabilizing effect of DNA residues could be related to the loss of the electron withdrawing effect of the ribose 2′-OH. The hydroxyl group polarizes the geminal hydrogen that is positioned to interact with the O4' oxygen of an adjacent nucleotide (Figure [4D](#F4){ref-type="fig"}). In the crystal structure, all but one of C2'-H···O4' bond distances (2.4--2.6 Å) and angles (145°--173°) lie in the accepted range for an aliphatic hydrogen bond. Similarly polarization of the H2' atom by fluorine is consistent with the observed stability of poly(A) duplexes with 2′-deoxy-2′-fluoro-ribose. Such weak interactions have been invoked in other nucleic acid structures; for example, C1'-H···O4' contacts have been implicated as factor in i-motif stability ([@B39]) and FC-H2'···O interactions suggested to stabilize antiparallel helices with 2′-fluoro groups ([@B40]). The close C2'-H···O4' contact also explains why arabinose and 2′-deoxy-2′-fluoro-arabinose nucleotides are not tolerated. Epimerization of the 2′OH to generate arabinose would interfere with the positioning of the following nucleotide. Fluorine in the same position would generate the same steric clash.

Hydration and bound water {#SEC4-4}
-------------------------

Enthalpic hydration of water molecules bridging hydrophilic groups is a well-established source of stabilization of nucleic acid structures. Studies comparing the stability and structure of RNA and DNA duplexes have shown that the higher stability of RNA and 2′-O-methyl-modified RNA is related to increased hydration ([@B41],[@B42]). While differences in the numbers of bound waters around the dA residues were not observed in the crystal structure of rA~5~-dA-rA~5~, additional studies using molecular dynamics or NMR spectroscopy will likely show an important role of hydration in determining duplex stability.

Understanding the physical basis of duplex stability is important for developing the uses of parallel poly(A) duplexes for nanotechnology. Many possible applications of poly(A) duplexes as pH sensing switches can be imagined. Remarkably, we found that the introduction of C2′ modifications affects duplex stability but does not alter the geometry of the duplex. The differential stability of the 2′-O-methyl and 2′-fluoro modifications offers the possibility of fine-tuning duplex formation to be selective to low pH or high NH~4~^+^ concentrations. Short 2′-O-methylated duplexes are remarkably stable at low pH and have many of the advantages of RNA as a building material. On the other hand, the significant stabilization (13°C) observed for 2′-fluoro-RNA in NH~4~Cl suggests that it may be possible to design poly(A) duplexes with improved sensitivity to NH~4~^+^ ions.

ACCESSION NUMBERS {#SEC5}
=================

Atomic coordinates and structure factors for the rA~5~-dA-rA~5~ X-ray crystal structure have been deposited with the Protein Data bank under accession number 5VXQ. The atomic coordinates of the dT-mA~4~-dA-mA~3~ NMR solution structure have been deposited under accession number 5TGG. The NMR chemical shifts have been deposited with the Biological Magnetic Resonance Bank under accession number 30184.
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